INTRODUCTION {#SEC1}
============

Cro and CI proteins are homodimeric, helix-turn-helix transcription factors with conserved regulatory functions in lambdoid bacteriophages. Cro and CI from phage λ are archetypes of transcriptional regulation, acting as antagonistic players in a genetic switch between phage lifestyles ([@B1]). The *cro* and *cI* genes occupy adjacent positions within the phage immunity region, part of which is shown in Figure [1](#F1){ref-type="fig"}. Cro and CI proteins bind as dimers to three imperfect palindromes (O~R~1, O~R~2 and O~R~3) in the *cro*-*cI* intergenic region, along with sites in the nearby O~L~ region. At low concentration, Cro binds first to O~R~3, while CI binds cooperatively to O~R~1 and O~R~2 using interdimer contacts made by a C-terminal domain not present in Cro. When bound to O~R~3, Cro represses transcription of *cI*; when bound to O~R~1 and O~R~2, CI represses transcription of *cro* and other genes, and activates transcription of *cI*. At higher concentrations, Cro or CI can occupy the other O~R~ sites, thereby downregulating transcription of their own and other genes. The predominance of CI or Cro correlates to a binary switch between lysogeny and lytic growth, respectively. This switch is conserved in all lambdoid bacteriophages.

![The Cro/CI superfamily. (**A**) Part of the immunity region of lambdoid phages including divergently transcribed *cro* and *cI* genes, which are related by an ancient gene duplication. Cro and CI proteins bind to three imperfectly palindromic O~R~-binding sites in the intergenic region, each containing two similar half sites. Four diverse consensus O~R~ half-site sequences for different phages are shown. (**B**) Crystal structure of free N15 Cro, the subject of the current study. (**C**) Representative protein--DNA complexes for three CI N-terminal domains (P22, 434 and lambda; PDB ID: 2R1J, 2OR1 and 1LMB, respectively) and two Cro proteins (434 and lambda; PDB ID: 3CRO and 6CRO, respectively), one of which (434 Cro) is the product of gene displacement by a portion of the adjacent *cI* gene. Also shown is the solution structure of free P22 Cro (PDB ID: 1RZS).](gkz507fig1){#F1}

Cro and the N-terminal domain of CI form two diverse orthologous lineages within a large, ancient superfamily of DNA-binding domains. The adjacent gene positions, common binding sites and shared binding motifs of *cro* and *cI* indicate that they are related by gene duplication and are thus paralogs ([@B2]). *Cro* and *cI* are single-copy genes, suggesting that each one may represent a single lineage consisting of a set of one-to-one orthologs from different phage (see below, however). Despite their homology, the Cro and CI N-terminal domains are extremely diverse in amino-acid sequence, suggesting that the duplication is ancient and that both lineages have evolved extensively. In addition, although Cro (and CI) proteins retain characteristic biological roles and binding site locations, they have not retained a characteristic DNA-binding specificity. Instead, they have coevolved with poorly conserved operator sequences (Figure [1](#F1){ref-type="fig"}) ([@B5]) to produce lambdoid phages with diverse immunity specificities. This leads to an unusual situation in which the DNA-binding specificity of a given Cro or CI protein may be more similar to that of its intraspecific paralog, with which it competes, than to that of many of its orthologs. Ordinarily, one-to-one orthologs have tightly conserved functions ([@B8]).

The Cro proteins have a particularly dynamic evolutionary history that includes extensive divergence in sequence, structure and function (Figure [1](#F1){ref-type="fig"}). Indeed, they are not even all true orthologs of each other. For example, the apparent *cro* gene from bacteriophage 434 is the product of displacement by a duplicated adjacent *cI* DNA-binding domain, and is technically a paralog rather than an ortholog of other *cro* genes ([@B3],[@B4]). Many other *cro* genes are true orthologs, but have diverged to the point where many of the proteins are related by transitive rather than direct amino-acid sequence similarity ([@B3]). Because O~R~ sequences (including the O~R~3 site) are not well conserved, Cro proteins have diverse DNA-binding specificities. Most strikingly, the structures of orthologous Cro proteins have diverged into two different folds with totally different dimer interfaces ([@B3],[@B9],[@B10]).

The Cro orthologs from bacteriophages λ, P22 and N15 exemplify the diversity of the family (Figure [1](#F1){ref-type="fig"}). No two of these three proteins share any direct sequence similarity. Multiple lines of evidence nonetheless support their orthology ([@B9]), including conserved gene position, transitive sequence homology and PSI-BLAST connecting P22 Cro to λ Cro ([@B3]), and structural similarity and PSI-BLAST connecting N15 Cro to P22 Cro ([@B9]). N15 Cro and P22 Cro conserve the canonical repressor fold, shared by the distantly related CI proteins and composed of five or six α-helical elements (Figure [1C](#F1){ref-type="fig"}) ([@B3],[@B9]), but λ Cro has a mixed α+β fold ([@B11]). N15 Cro and λ Cro dimerize in crystals and in solution (*K*~D~ ∼ 3--5 μM) ([@B2],[@B9],[@B12]), but P22 Cro shows no evidence for dimerization in the absence of DNA ([@B3],[@B15]). The homodimer interfaces of N15 Cro and λ Cro have similar contact surface area and affinity but completely different architectures ([@B9]). Consensus O~R~ half-site sequences for the three phage conserve only two of eight base pairs ([@B7]) (Figure [1A](#F1){ref-type="fig"}). The symmetry axis that exchanges the two operator half sites coincides with a base pair in λ ([@B16],[@B17]), but rests between two base pairs in N15 and P22 ([@B18],[@B19]).

Despite this extreme diversity, Cro proteins obey a partial 'evolutionary code', in which changes in the sequence of the Cro recognition helix correlate to changes in the consensus sequence of the O~R~ half sites. A database of Cro proteins and cognate binding sites showed one-to-one sequence correlations between three positions in the recognition helix (H1, H3 and H6; a universal residue numbering system we will use henceforth) and three base pairs (2, 5 and 6, respectively) in the half site ([@B7]). The correlations are binary, wherein a switch between two amino acid residues relates to a switch between two recognized base pairs. The H1/+2 pairing features either Pro/Thy or Gln/Ade; the H3/+5 pairing features either Ala/Ade or (Ser/Thr)/Gua and the H6/+6 pairing features either Lys/Cyt or Gln/Gua. The three pairings in λ Cro correspond to direct protein--DNA contacts observed in the λ Cro--DNA complex ([@B20]). We previously used the code to re-engineer the functional specificity of λ Cro ([@B21]).

Protein--DNA cocrystal structures have been reported for four CI-like N-terminal domains (including 434 CI, P22 CI (C2), λ CI and 434 Cro), along with one true member of the Cro lineage (λ Cro) (Figure [1C](#F1){ref-type="fig"}) ([@B20],[@B22]). No cocrystal structure has been reported for any true Cro ortholog with the helical repressor fold, though structures of free N15 Cro and P22 Cro have been solved using crystallography and NMR, respectively ([@B3],[@B9]). P22 Cro is an attractive target for cocrystallization given the existing structure of the P22 CI (c2) repressor bound to DNA, but attempts to cocrystallize P22 Cro with DNA have not been successful. Here, we report the crystal structure of a complex of N15 Cro with a symmetrical consensus O~R~ site at 1.6 Å resolution. This structure both allows a comparison of DNA binding function by highly divergent Cro orthologs and serves as a source of information on how alternative residue pairings may modulate specificity under the proposed evolutionary code.

MATERIALS AND METHODS {#SEC2}
=====================

Preparation of protein and DNA samples {#SEC2-1}
--------------------------------------

N15 Cro was overexpressed and purified as described previously ([@B9]) and flash frozen in 500 μl aliquots in 10 mM Tris (pH 8.5). Single aliquots were rapidly defrosted in warm water and then centrifuged at top speed in a microcentrifuge for 20 min. Protein concentration was measured using an estimated extinction coefficient of 7953 M^−1^cm^−1^. For crystallization, HPLC purified DNA with the sequence 5′-TTTATAGCTAGCTATAA-3′ was obtained from Eurogentec (San Diego, CA). DNA was resuspended in a small volume of buffer (10 mM Tris \[pH 8.5\]) and annealed in a thermal cycler over ∼8 h by gradual temperature reduction from 80 to 15°C, to form 16 base pairs of duplex corresponding to the symmetrical consensus O~R~ site ([@B7],[@B18]) plus a one base 5′ thymine overhang on each strand. For electrophoretic mobility shift assays of binding to the O~R~3 site, two oligonucleotides (5′-GCAAAATTATAGCCAGCTATAAAGAGCG-3′ and its reverse complement) were obtained from Integrated DNA Technologies (Coralville, IA) and purified by urea-denatured polyacrylamide gel electrophoresis. End-labeling of one strand with ^32^P and annealing of the two strands to form a duplex were then performed as described previously for λ Cro ([@B21]), resulting in a 28 base-pair singly ^32^P- labeled duplex consisting of the 16 base-pair N15 O~R~3 site flanked at each end by four base pairs of the natural flanking DNA sequence ([@B18]), and then further flanked at each end by two GC base pairs. O~R~2 and O~R~1 sites were constructed similarly using the same flanking DNA as the O~R~3 site.

Electrophoretic mobility shift assay {#SEC2-2}
------------------------------------

Electrophoretic mobility shift assays for N15 Cro were performed and imaged as described for λ Cro ([@B21]). At each concentration of Cro protein, the apparent fraction of DNA bound by Cro was measured as the intensity of the band representing the bound form divided by the total intensity measured for that lane of the gel. The fraction bound was plotted against added protein concentration and subjected to nonlinear least squares fitting in Kaleidagraph, using an equation that assumes a large excess of free protein over DNA, and a two-state equilibrium between free Cro monomers and bound Cro dimers. Because the fraction bound leveled off at value less than one, the maximal fraction bound was not fixed at one, but was allowed to vary as a parameter in the fit. Due to the dimer stoichiometry, the equilibrium dissociation constants derived from these fits correspond to the square of the protein concentration giving half-maximal DNA binding (i.e. an apparent *K*~D~ or *K*~D,app~). The reported *K*~D~ value in the text represents *K*~D,app~ and was calculated from the mean of four independent measurements. The uncertainty is reported as the standard error of the mean. As an additional note, measured O~R~3 affinities for untagged and C-terminally hexahistidine tagged N15 Cro were indistinguishable (*K*~D,app~ = 90 ± 7 nM and 91 ± 11 nm, respectively).

Crystallization of N15 Cro/consensus operator DNA complex {#SEC2-3}
---------------------------------------------------------

N15 Cro and DNA were combined in a 2:1.2 molar ratio (corresponding to a slight excess of DNA over protein based on a 2:1 protein:DNA binding stoichiometry) and allowed to equilibrate 30 min. The concentration of protein/DNA complex used for crystallization was 14--15 mg/ml. The complex was crystallized using the hanging-drop method, with drops composed of 2 μl of complex and 2 μl of mother liquor (0.4 M monobasic ammonium phosphate). After ∼1 week, crystals grew as single or clustered rods. Crystals were tetragonal with space group *P*4~1~2~1~2, and the asymmetric unit contained one N15 Cro dimer complexed to a single DNA duplex.

Crystal structure determination {#SEC2-4}
-------------------------------

Crystals were flash-frozen in liquid nitrogen after being gradually transferred to fresh reservoir solution that contained mother liquor plus 15% glycerol. Data were collected on crystals cooled at 100 K at SSRL beamline 9--2 using a MAR 325 detector. Diffraction images were processed with Mosflm ([@B29]) and scaled with Scala ([@B30]). Diffraction was highly anisotropic, with a Δ*B* value of 33.43 Å^2^. To compensate, ellipsoidal truncation and anisotropic scaling were carried out using the Diffraction Anisotropy Server ([@B31]). A molecular replacement solution was identified by Molrep ([@B32]) using a previously solved crystal structure of the N15 Cro dimer (PDB ID: 2HIN) ([@B9]). DNA was manually built into the electron density map using COOT ([@B33]). Refinement was carried out with Refmac5 ([@B34]) and manual rebuilding using COOT. The data were then later reprocessed using iMosflm and scaled using AIMLESS. The data were submitted to the STARANISO ([@B35]) server that produced an ellipsoidally fitted dataset with resolution 1.6--2.17 Å. *R*~free~ flags were imported from the previously used reflection dataset and generated for reflections outside the resolution limit of the previous data set. The structure was refined and rebuilt using Refmac and COOT. Final refinement included refinement of TLS groups with the optimum TLS groups determined using the TLS motion determination server ([@B36],[@B37]). Most programs were accessed through the CCP4 suite ([@B38]). Data measurement and refinement statistics are given in Table [1](#tbl1){ref-type="table"}.

###### 

Crystallographic data for N15 Cro/DNA complex

  ------------------------------------ ------------------------------------- -------------- ----------------
  Crystal preparation                                                                       
   Conditions                          0.4 M ammonium phosphate, monobasic                  
   Cryoprotectant                      15% glycerol                                         
   Space group                         *P*4~1~2~1~2                                         
   Unit cell (Å)                       *a* = *b* = 56.56, *c* = 195.76                      
   *V*~M~^a^                           3.21                                                 
  Data collection and reduction^b,c^                                                        
   X-ray source                        SSRL beamline 9--2                                   
   Wavelength (Å)                      0.97946                                              
   Resolution^d^                       28.7--1.60                            (1.63--1.60)   \[1.87--1.83\]
   Observed reflections                540 896                                              
   Unique reflections                  42 733                                               
   Average redundancy                  12.7                                  (4.3)          \[11.7\]
   Completeness (%)                    98.7                                  (85.3)         \[100.\]
   *R*~merge~^e^                       0.066                                 (2.8)          \[1.17\]
   *I*/σ(I)                            13.2                                  (0.3)          \[1.8\]
   *R*~pim~^f^                         0.019                                 (1.7)          \[0.35\]
   CC1/2                               1.000                                 (0.214)        \[0.942\]
   Wilson plot, *B* factor             42.2                                                 
  Anisotropic correction                                                                    
   Ellipsoid cut-off surfaced          1.60--2.17                                           
   Resolution^d^                       28.7--1.60                            (1.78--1.60)   
   Completeness (%)                    99.6                                  (94.4)         
   *I*/σ(I)                            15.7                                  (3.08)         
  Structure refinement                                                                      
   *R*~cryst~^b^                       0.2058                                               
   *R*~free~^b^                        0.2172                                               
   RMSD bonds (Å)                      0.0109                                               
   RMSD angles (°)                     1.871                                                
   Average *B*, protein                25.6                                                 
    DNA                                32.1                                                 
    Water                              32.0                                                 
  ------------------------------------ ------------------------------------- -------------- ----------------

^a^ *V* ~M~: Matthews coefficient.

^b^Data reduction statistics before anisotropic correction.

^c^Overall, (highest resolution shell), \[shell for which *I* /σ(I) ≅ 2\].

^d^Highest and lowest resolution of ellipsoidally corrected data.

^e^ *R* ~merge~ and *R*~pim~ formulas can be found at <https://strucbio.biologie.uni-kostanz.de/ccp4wiki/index.php/R-factors>.

Structural analysis {#SEC2-5}
-------------------

Superposition of proteins and protein--DNA complexes was performed using UCSF Chimera, and superposition of protein--DNA complexes was performed using CLICK ([@B39]). Protein--DNA contact surface was evaluated using Swiss-PDB Viewer ([@B40]). DNA structure was analyzed with CURVES 5.1 ([@B41],[@B42]). Single base overhangs were excluded to avoid any influence on the calculation of the global helical axis. Global rather than local parameters were reported, where the latter measure relationships between base pairs without reference to the overall conformation of the DNA.

The binding geometry of N15 Cro with DNA was compared to that of other Cro and CI repressor complexes using Protein-DNA Interface Alignment Software ([@B43]) as well as by superposition of half-site complexes using CLICK ([@B39]). All Cro and CI structures were divided into half-complexes for comparative purposes, and only the conserved helix-turn-helix portion of the protein structure was included. The Protein-DNA Interface Alignment Software quantifies and compares relative binding geometries using a procedure based on work by Pabo and Nekludova ([@B44]). Individual amino acid side chains and bases are first assigned local coordinate systems. The spatial similarity between interacting coordinate systems (or interacting pairs) in each complex is ranked with a similarity score S (*i*,*j*), where higher scores indicate more similar geometric relationships. Nucleotides are considered to interact with amino acid side chains if a vector connecting the origins of their coordinate systems has a magnitude \<16 Å. The sum of similarity scores for aligned pairs in the two structures gives an overall interface alignment score (IAS). The method examines spatial relationships without taking into account secondary structure or primary sequence, and has been used to describe clusters of similar binding geometries that exist both within and between different DNA-binding protein families.

RESULTS {#SEC3}
=======

DNA-binding affinity {#SEC3-1}
--------------------

Purified recombinant N15 Cro is functional and binds to its predicted cognate DNA sequence with nanomolar affinity. N15 Cro binds to O~R~3, generally the highest affinity site for Cro, with an apparent *K*~D~ = 90 ± 7 nM in an electrophoretic mobility shift assay (EMSA) (Figure [2](#F2){ref-type="fig"}). We also tested binding to O~R~2 and O~R~1 sites and observed no binding by EMSA up to ∼1 μM protein. For comparison, ϕKO2 Cro, which has ∼90% sequence identity with N15 Cro and an identical cognate O~R~3 sequence, binds O~R~3 with apparent *K*~D~ = 44 nM by EMSA under somewhat different conditions, and binds ϕKO2 O~R~2 and O~R~1 very weakly (*K*~D~ ∼ 1--2 μM) ([@B45]). The cognate affinities of N15/ϕKO2 Cro for O~R~3 DNA are both weaker than that of λ Cro, which binds λ O~R~3 with apparent *K*~D~ = 3.6 ± 0.5 nM in under EMSA conditions comparable to those used here for N15 Cro ([@B21]).

![N15 Cro binds operator DNA. (**A**) Right operator sequences of bacteriophage N15, with the two half sites outlined in boxes. Positions where O~R~1 and O~R~2 sequences differ from that of the preferred O~R~3 site are in bold italic. (**B**) Representative electrophoretic mobility shift assay using a 28 bp ^32^P end-labeled duplex containing the O~R~3 site from the N15 right operator region. Protein and DNA were incubated for 30 min at ambient temperature in KP200 buffer (20 mM KPO~4~ \[pH 7\], 200 mM KCl, 1 mM EDTA and 5% glycerol) plus 150 μg/ml bovine serum albumin, then loaded onto a 10% native polyacrylamide gel running at 250 V at 4°C ([@B21]). Comparable experiments with O~R~1 and O~R~2 showed no shifted DNA. (**C**) Fitting of the electrophoretic mobility shift assay data to a model in which free N15 Cro is exclusively monomeric and DNA-bound N15 Cro is exclusively dimeric. Based on previous assays N15 Cro dimerizes with a *K*~D~ of 5 μM ([@B9]).](gkz507fig2){#F2}

Determination of N15 Cro-operator DNA cocrystal structure {#SEC3-2}
---------------------------------------------------------

N15 Cro cocrystallized with a 16 base-pair symmetrical consensus O~R~ duplex that also contained a single thymine overhang at each 5′ end. Sixteen base pairs represent the minimal binding site size found for ϕKO2 Cro ([@B45]). The symmetrical site differs from O~R~3 by a single base pair near the center (see Figure [1](#F1){ref-type="fig"}), which is not contacted directly by the protein (see below). ϕKO2 Cro binds both O~R~3 and this symmetrical site in EMSA experiments ([@B45]). The symmetrical site also represents the consensus sequence of the six O~R~ half sites of N15 ([@B7]).

We determined the structure of the N15 Cro-operator DNA complex in space group *P*4~1~2~1~2, using molecular replacement with the structure of free N15 Cro (Table [1](#tbl1){ref-type="table"} and Figure [3A](#F3){ref-type="fig"}). Representative electron density is shown in [Supplementary Figure S1](#sup1){ref-type="supplementary-material"}, including a portion of the protein/DNA-binding interface and several ordered water molecules. The asymmetric unit contains a dimer of N15 Cro, with each subunit bound to one half site of the symmetrical operator DNA. We modeled residues 1--62 for one N15 subunit (chain A) and residues 1--63 for the other (chain B), while residues 64--71 appear disordered in both chains. In the structure of free N15 Cro, approximately the same C-terminal region is disordered ([@B9]). The refined structure includes 277 modeled water molecules in the asymmetric unit, including many ordered water molecules at the protein--DNA interface. The complex has a noncrystallographic pseudo-twofold axis relating the two N15 subunits in the dimer and the two DNA half sites. The two halves align with RMSD = 0.23 Å for all atoms, excluding water molecules and residue 63 of N15 Cro, which was only present in chain B.

![Comparison of N15 Cro and λ Cro and DNA complexes. (**A**) N15 Cro free (tan) or bound (cyan) to symmetric consensus operator DNA (gray). (**B**) λ Cro with same color scheme as in panel (A). (**C**) Superposition of N15 (dark blue and gray) and λ (light blue and gray) half-site complexes with only the helix-turn-helix motif of the protein included.](gkz507fig3){#F3}

Features of the N15 Cro--DNA complex and comparison to λ Cro {#SEC3-3}
------------------------------------------------------------

N15 Cro shows no evidence of major induced-fit changes in protein structure upon DNA binding. The structure of the DNA-bound N15 Cro dimer is very similar to that of the free dimer (backbone RMSD = 0.6 Å, residues 1--62; Figure [3A](#F3){ref-type="fig"}). The DNA-bound and free crystal structures of the wild-type λ Cro dimer, meanwhile, are quite different (backbone RMSD = 4.0--4.1 Å, residues 4--60; Figure [3B](#F3){ref-type="fig"}). Note, however, that free λ Cro variant structures differ widely and the free wild-type crystal structure may not represent the lowest energy solution structure ([@B46]). Overall, the N15 Cro dimer appears relatively rigid, while the λ Cro dimer is clearly flexible, owing in part to a 'ball-and-socket' joint in the dimer interface ([@B11],[@B20]).

Both N15 and λ operator duplexes show some deviations from canonical B-form geometry in the Cro complexes, suggesting that the protein induces changes in DNA structure ([@B20]). Both structures show DNA bending, but the duplex is significantly more bent in the λ Cro than in the N15 Cro complex (39 versus 25 degrees, respectively; Figure [3A](#F3){ref-type="fig"} versus Figure [3B](#F3){ref-type="fig"}). Both complexes show the largest (and most negative) values of 'roll' between adjacent base pairs at the center of the operator, indicating that the DNA bends most strongly near the dyad axis of symmetry ([Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}). Base pairs in the N15 operator on average show greater deviations from planarity, as measured by propeller twist, than those in the λ operator ([Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}). Overall, however, changes in both DNA and protein structure upon binding appear larger in the λ Cro complex.

The recognition helices of N15 Cro and λ Cro rest at rather different angles in the major groove with respect to the overall DNA double helix structure (compare Figure [3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). However, the geometry of major groove recognition is less different if one removes the more global DNA and protein deformations by superimposing only the half-complexes (protein/DNA backbone RMSD of 1.5 Å; Figure [3C](#F3){ref-type="fig"}). We return to the half-complex structures below in the context of a more extensive comparison between all Cro and CI complexes.

Protein--DNA contacts {#SEC3-4}
---------------------

N15 Cro makes relatively few direct contacts to nucleotide bases compared to λ Cro, contacting only five base pairs (Thy +1, Thy +2, Thy +4, Thy -5 and Cyt -6) compared to seven in λ Cro (Figure [4](#F4){ref-type="fig"}). N15 Cro makes no direct contacts to base pairs 3 and 7, while λ Cro recognizes base pair 3 using a Van der Waals contact from Asn H4 (recognition helix numbering), and base pair 7 with a hydrogen bond from Lys H6. Gln H6 makes the only two direct hydrogen bonds to DNA bases seen in the N15 Cro complex (both to Thy bases), while three side chains in λ Cro make a total of seven hydrogen bonds to four different bases. N15 Cro relies more heavily on Van der Waals contacts as well as water-mediated contacts in base recognition (see Figure [4](#F4){ref-type="fig"}; see also Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"} below). The overall contact surface area between protein and DNA is 432 Å^2^ for the N15 complex compared to 708 Å^2^ for the λ Cro complex.

![Protein--DNA contact maps. (**A**) N15 Cro and (**B**) λ Cro complexes with DNA. One DNA half site is shown in each case, with directly contacted bases and phosphate groups shaded gray, and phosphate nomenclature based on that of reference ([@B20]). The recognition helix sequence of each protein is contained in a box, with residues numbered H0 to H9 beginning with the N-cap. Hydrogen bond contacts are shown with solid lines, Van der Waals contacts with broken lines and presumed electrostatic interactions with finely dashed lines. Residues and bases with sequence covariations according to the previously described Cro evolutionary code are colored blue, red and green. Additional contacts made by residues outside the recognition helix are also shown, with absolute residue numbers shown for both proteins, but aligned N15 residue numbers given in parentheses in panel (B). Selected water-mediated contacts discussed in the text are shown in purple. The water-mediated contact labeled as originating from Gly H2 is part a network of two to three water molecules (depending on which half site is considered) that also hydrogen bonds to the side chain of Gln H9 (see also Figure [6](#F6){ref-type="fig"}).](gkz507fig4){#F4}

![Recognition of base pairs 4 through 6. The N15 Cro complex (tan) includes both direct and water-mediated contacts to base pairs 4 through 6. Direct base contacts include two hydrogen bond contacts from Gln H6 to Thy +4 and Thy -5, Van der Waals contact between Ala H3 and Thy -5, and Van der Waals contact between Gln H6 and Cyt -6. A water molecule is oriented by Thr H0 to interact with Ade -4. The P22 CI (c2) complex with operator DNA (light blue) has precisely the same pattern of contacts to base pairs 5 and 6, including direct and water-mediated contacts to the backbone from Thr H0, Gln H6 and Trp H7.](gkz507fig5){#F5}

![Recognition of base pairs 1 through 3. N15 Cro (tan; chain A) makes only Van der Waals contacts from Tyr H5 to base pairs 1 and 2 in the DNA (light blue). Pro H1, which is correlated to Thy +2 in the Cro evolutionary code, does not contact DNA at all but could help position Tyr H5. N15 Cro makes no direct specific contact to base pair 3. A gap near Gly H2 is filled by ordered water molecules that interact with base pairs 2, 3 and 4, including a network that makes hydrogen bonds with Ade +3/Thy +4 and a water molecule oriented by Thr H0 to interact with Ade -4. This gap may account for the smaller contact surface area between protein and DNA in the N15 Cro complex than the λ Cro complex. Note that the water network in this gap is slightly different (though similar) in the other half of the complex (N15 chain B; not shown).](gkz507fig6){#F6}

Most base contacts in the N15 complex occur between positions on the protein and DNA that do not correspond to aligned positions in the λ complex (Figure [4](#F4){ref-type="fig"}). Both N15 and λ have a Van der Waals contact between Ala H3 of the recognition helix and the methyl group of Thy at -5 in the half site (Figures [4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}). In both proteins, the side chain at H6 (Lys or Gln) contacts the base at -6 (Gua or Cyt). However, in N15 Cro Gln H6 barely contacts Cyt at -6 (3.4--3.5 Å distance between the side chain oxygen of Gln H6 and C5 of Cyt -6) while also making hydrogen bond contacts to base pairs 4 and 5 (Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). In λ Cro Lys H6 makes a hydrogen bond not only to Gua at -6, but also to base pair 7, while direct contacts to base pairs 4 and 5 are made by Ser at H2. Base pairs 1 and 2 in the λ consensus site are contacted by Gln H1 and Thr 17 from helix 2, while the same positions in the N15 consensus site are recognized by Van der Waals contacts from Tyr H5 to methyl groups on thymine bases (Figures [4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}). In summary, N15 Cro and λ Cro exhibit very different patterns of direct contacts to DNA bases, despite a qualitatively similar positioning of the recognition helix in the major groove (Figure [3C](#F3){ref-type="fig"}).

N15 Cro makes several water-mediated contacts to bases, at least one of which may contribute to sequence specificity. First, there is a gap between the protein and DNA near base pair 3 due in part to the lack of a side chain for Gly H2 (Figure [6](#F6){ref-type="fig"}). Networks of ordered water molecules fill this gap. One chain of two to three water molecules (depending on half site) extends from the backbone of Gly H2 to the side chain of Gln H9, while also hydrogen bonding to the Ade base at +3 and the Thy base at +4. Second, Thr H0, which acts as the N-cap on the recognition helix, makes hydrogen bonds to both a phosphate oxygen and a water molecule that is positioned to hydrogen bond to Ade -4 (Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). The water molecule occupies part of the space left by the lack of a side chain for Gly H2. Thr H0 donates its hydrogen to the phosphate oxygen, and therefore must act as a hydrogen bond acceptor toward the water, engaging one of its hydrogen atoms. The other hydrogen in the water molecule would then be donated to N7 of Ade -4, while the oxygen atom of the water molecule acts as an acceptor toward the Ade NH~2~ group. Importantly, the water molecule is oriented by Thr H0 to interact as both a donor and acceptor toward Ade, but would be unable to interact equivalently with Gua, which has two hydrogen bond acceptors adjacent to the water molecule's position. We propose that Thr H0 ([@B23]) and Gly H2 ([@B25]), along with Gln H6, which makes a hydrogen bond to Thy at +4, collude to specify base pair 4. The involvement of water-mediated contacts in DNA recognition by λ Cro is difficult to compare to that of N15 Cro due to the smaller number of modeled waters (14 versus 277) and lower resolution of the λ structure (3.0 Å versus 1.6 Å).

N15 Cro makes the same total number of hydrogen bonds (7) to backbone phosphate groups as λ Cro (see Figure [4](#F4){ref-type="fig"}), but in a different pattern. N15 Cro concentrates most of its contacts at two phosphates and contacts a smaller total number of phosphates (four versus six for λ Cro). At least one contact is completely homologous in the two complexes, between the backbone of residue H0, at the N terminus of the recognition helix, and the phosphate labeled P~C~. But most phosphate contacts in the two complexes are not between homologous positions. In λ Cro, there is a direct contact between the protein backbone at the N terminus of helix 2 (Gln 16) and the first phosphate at the flank of the binding site (P~A~). This contact, which anchors the N-terminal end of the helix-turn-helix motif, is formally absent in N15 Cro, and supplanted by a contact from the side chain of Tyr H5. Nonetheless, the backbone of helix 2 in N15 Cro does make a water-mediated contact to this phosphate group (see Figure [4](#F4){ref-type="fig"}). Similarly, Lys 56 in λ Cro contacts phosphate P~E~ near the center of the operator, while N15 Cro does not contact this phosphate directly but instead utilizes a water-mediated contact from the backbone amide group of Leu 39 (see Figure [4](#F4){ref-type="fig"}).

Comparison of Cro and CI half-complexes {#SEC3-5}
---------------------------------------

A broader comparison of Cro/CI binding geometry, including complexes for three CI N-terminal domains in addition to the two Cro cocrystal structures, reinforces the impression of dissimilarity between the two Cro complexes (Table [2](#tbl2){ref-type="table"}). To make a universally applicable comparison, we used only partial half complexes consisting of the helix-turn-helix motif of one protein chain and its associated eight base-pair DNA half site. For two measures of similarity between the binding geometry of different complexes, we used interface alignment scores (IAS) and combined protein/DNA backbone RMSD from a best-fit superposition. The highest IAS and lowest RMSD occurred in comparisons of different halves of the same complex (IAS: mean 150 out of 190 possible, s.d. 50; RMSD: mean 0.5 Å, s.d. 0.3 Å), while the lowest IAS and highest RMSD occurred between N15 Cro and λ Cro half complexes (IAS: mean 30, s.d. 4; RMSD 1.5 Å). Similarities between half complexes of different CI proteins were on average higher than those between the Cro half complexes (IAS: mean 88, s.d. 20; RMSD: mean 1.0 Å, s.d. 0.2 Å), with the caveat that these comparisons involve different phage sets. In comparisons between Cro and CI proteins, N15 Cro has mostly higher IAS scores with the CI proteins (IAS: mean 72, s.d. 18) than λ Cro does (IAS: mean 42, s.d. 9), but the same average RMSD (mean 1.3 Å; s.d. \< 0.1 Å). The N15 Cro complex has particularly high IAS with P22 CI (93--95), and the two proteins make the same contacts to base pairs 5 and 6 of the half site (see Figure [5](#F5){ref-type="fig"}). We conclude that N15 Cro and λ Cro half complexes are quite geometrically divergent from each other, more so than either one is from its distant CI cousins; and that λ Cro may have diverged more strongly than N15 Cro from the CI lineage, possibly related to loss of the ancestral repressor fold in λ Cro.

###### 

Interface Alignment Scores (IAS) and RMSD between Cro/CI complexes

            N15 [Cro A]{.ul}   N15 [Cro B]{.ul}   λ Cro     λ CI [3, nc]{.ul}   λ CI [4,c]{.ul}   434 CI [R, nc]{.ul}   434 CI [L,c]{.ul}   P22 CI [R, nc]{.ul}   P22 CI [L,c]{.ul}
  --------- ------------------ ------------------ --------- ------------------- ----------------- --------------------- ------------------- --------------------- -------------------
  N15 Cro   --                 **188**            **33**    **65**              **78**            **55**                **52**              **93**                **95**
  A                            100                63        79                  84                58                    68                  79                    79
  N15 Cro   **0.4**            --                 **27**    **62**              **72**            **60**                **45**              **94**                **95**
  B         100                                   58        74                  89                68                    74                  79                    79
  λ Cro     **1.5**            **1.5**            --        **56**              **45**            **44**                **33**              **37**                **34**
            84                 86                           84                  79                63                    58                  74                    74
  λ CI      **1.2**            **1.2**            **1.3**   --                  **140**           **70**                **95**              **110**               **112**
  3, nc     99                 100                97                            100               79                    89                  100                   100
  λ CI      **1.5**            **1.3**            **1.3**   **0.9**             --                **46**                **60**              **85**                **93**
  4, c      98                 95                 94        97                                    68                    84                  100                   100
  434 CI    **1.2**            **1.3**            **1.3**   **0.9**             **1.2**           --                    **79**              **87**                **87**
  R, nc     91                 97                 99        100                 94                                      79                  89                    89
  434 CI    **1.3**            **1.4**            **1.3**   **0.9**             **1.1**           **0.6**               --                  **103**               **103**
  L, c      97                 98                 96        100                 95                100                                       100                   100
  P22 CI    **1.2**            **1.2**            **1.2**   **0.8**             **1.0**           **1.0**               **0.9**             --                    **190**
  R         96                 96                 97        100                 96                100                   100                                       100
  P22 CI    **1.3**            **1.3**            **1.3**   **0.8**             **1.3**           **0.9**               **0.9**             **0.2**               --
  L         99                 97                 97        100                 100               100                   100                 100                   

Interface Alignment Scores (upper right; out of 190 possible, with scores listed above in bold and percentage of matched helix-turn-helix residues below) and backbone RMSD (lower left; with RMSD listed above in bold and percentage of aligned backbone atoms below) are shown for the 19-residue helix-turn-helix motif in a given Cro/cI protein chain in association with a cognate eight base-pair DNA half site: N15 Cro (PDB ID: 6ON0) chain A or B bound to consensus DNA; λ Cro (PDB ID: 6CRO) bound to consensus DNA; λ cI repressor (PDB ID: 1LMB) chain 3 or 4 bound to O~L~1; 434 CI repressor (PDB ID: 2OR1) chain R or L bound to O~R~1, and P22 CI (c2) repressor (PDB ID: 2R1J) chain R or L bound to a synthetic operator sequence. In the case of λ and 434 one half site in each complex corresponds to a consensus (c) sequence and the other to a nonconsensus (nc) sequence. Backbone RMSD was computed using N, CA and C atoms in the protein and C3′, C5′ and P atoms in the DNA.

Insights into the proposed Cro evolutionary code {#SEC3-6}
------------------------------------------------

The previously proposed Cro evolutionary code ([@B7],[@B21]) and the relevant amino-acid residues and bases in the N15 and λ Cro complexes are shown in Figure [7](#F7){ref-type="fig"}. At position H3 and base pair 5, Ala H3 correlates to Ade +5 while Ser/Thr H3 correlates to Gua +5. λ Cro and N15 Cro conserve a nearly identical relationship between the methyl group of Ala H3 in the recognition helix and the methyl group of Thy -5, though the distance is closer in N15 Cro. The alternate Ser/Thr H3 to Gua +5 correlation has yet to be observed in a cocrystal structure between a true Cro lineage member and operator DNA. At position H6, Lys H6 correlates to Cyt +6 while Gln H6 correlates to Gua +6. λ Cro has a Lys residue at H6 that makes hydrogen bonding contacts to Gua -6, as well as Gua -7. Gln H6 of N15 Cro makes hydrogen bonds to Thy +4 and Thy -5, but also makes a limited Van der Waals interaction with Cyt -6 and a water-mediated contact to the phosphate backbone at base pair 6. Similar contact patterns to base pairs 5 and 6 are present in the consensus half sites of complexes of 434 CI with O~R~1 and O~R~3, as well as both halves of the complex of P22 CI with a synthetic operator (comparison to one of the half sites in the P22 CI complex is shown in Figure [5](#F5){ref-type="fig"}). The other halves of the 434 CI complexes (called the nonconsensus halves) lack Cyt at -6 and also lack the equivalent water-mediated contact from Gln H6 to the backbone. Koudelka *et al.* have proposed that Gln H6 in the P22 CI complex influences the specificity at base pair 6 in part through solvent organization and shape complementarity ([@B27]). If correct, this argument presumably applies to N15 Cro and its similar contact pattern. At position H1 and base pair 2, Pro H1 correlates to Thy +2 while Gln H1 correlates to Ade +2. Gln H1 of λ Cro shows a pair of hydrogen bonding contacts to Ade +2. Pro H1 of N15 Cro does not contact Thy +2 and in fact does not interact with DNA at all. Instead, Tyr H5 contacts the methyl group of Thy +2 (Figure [4](#F4){ref-type="fig"}). Pro H1 does make contact with Tyr H5, and it is possible that Pro H1 helps position it and may contribute to a general nonpolar surface that favors Thy at +2. On the whole, although it is possible to rationalize some of the observed sequence correlations based on the N15 and λ Cro complexes, it seems unlikely that one would propose all three binary one-to-one relationships *a priori*, if one had only these two divergent structures to go on.

![The Cro evolutionary code as represented in N15 Cro and λ Cro complexes with DNA. The proposed Cro evolutionary code is shown at lower left. The λ Cro complex (tan) has direct protein--DNA contacts corresponding to each of the three code pairings: Gln H1 makes hydrogen bond contacts (orange) to Ade +2; Ala H3 is in Van der Waals contact with the methyl of Thy -5 (though only the backbone, not shown); and Lys H6 makes hydrogen bond contacts to Gua at -6. In the N15 Cro complex (light blue), the Ala H3/Thy -5 contact is conserved, and includes Van der Waals contact (green) from the Ala side chain. The alternate code pairing of Ser H3/Cyt -5 (gray) is not present in any Cro--DNA structure. For the other two position pairs, the N15 Cro complex features the alternate residue pairings in the code. Pro H1 does not contact Thy +2, leaving this sequence correlation mysterious. Gln H6 makes closer contact with base pair 5 but does make Van der Waals contact with Cyt -6 (green) as well as a water-mediated contact to the phosphate group (see text for discussion).](gkz507fig7){#F7}

Structural basis of the preference of N15 Cro for the O~R~3 site {#SEC3-7}
----------------------------------------------------------------

Apart from providing a comparison to DNA recognition by λ Cro, the N15 Cro-DNA structure suggests a basis for preferential recognition of the bacteriophage N15 O~R~3 site over O~R~2 or O~R~1. O~R~2 and O~R~1 both differ from O~R~3 by at least one directly contacted base pair in each half site: base pair 4 or 6 in the case of O~R~2, and base pairs 5 (both half sites) and 6 (one half site) in the case of O~R~1 (see Figure [2A](#F2){ref-type="fig"}). Substitutions in three of four half sites of O~R~2 and O~R~1, at either base pair 4 or 5, convert an A-T base pair to a T-A base pair or vice versa. These changes effectively place a hydrogen bond donor from an adenine base in the position of one of the pair thymine hydrogen bond acceptor groups recognized by the NH~2~ group of Gln H6 (see Figure [5](#F5){ref-type="fig"}). Conversion of A-T to T-A at position 5 also disrupts a contact between Ala H3 and the methyl group of Thy -5 (see Figure [5](#F5){ref-type="fig"}). At position -6, on the basis of the 434 CI--DNA complexes discussed above, bases other than Cyt may lead to loss of a water-mediated contact between Gln H6 and the backbone. We suggest that the contact patterns made by Ala H3 and Gln H6 to base pairs 4--6 (see Figure [5](#F5){ref-type="fig"}) are the primary basis for specific recognition of O~R~3. A water-mediated contact involving Thr H0, as discussed above, probably also contributes to specification of base pair 4. Finally, it should not be discounted that indirect readout mechanisms, possibly involving differences in noncontacted base pairs 7 and 8 near the center of the site (see Figure [2A](#F2){ref-type="fig"}) may contribute to specific recognition.

DISCUSSION {#SEC4}
==========

N15 Cro and λ Cro are distant orthologs that have evolved to achieve a similar biological result using very different interactions at the detailed molecular level. The two proteins play similar biological roles in promoting lytic growth ([@B50]). Both bind O~R~3 and N15 Cro shares λ Cro's preference for O~R~3 over other O~R~ sites ([@B45]). But N15 Cro and λ Cro lack significant sequence similarity, adopt different folds and form completely different homodimer interfaces ([@B9],[@B11]). The O~R~ sites to which they bind have different half-site sequences and spacing. The N15 Cro and λ Cro protein--DNA complexes compared here show different levels of apparent induced fit, very different contact patterns and have the most divergent binding geometries among a set of pairwise comparisons that includes both Cro complexes and those of the distantly related CI paralogs.

In light of this divergence, it may seem surprising that a broad database of Cro protein and cognate DNA sequences yielded a partial 'evolutionary code', consisting of three pairs of one-to-one protein/DNA sequence covariations ([@B7],[@B21]). The N15 Cro--DNA complex provides some insights into how this proposed code might operate, but leaves other aspects mysterious. First, a clearer rationale now exists for the binary pairings linking residue H6 to base pair 6. However, both Lys and Gln at H6 also contact other base pairs. In particular, Gln H6 may specify Cyt at -6 through water-mediated contacts that depend on shape complementarity, but it is anchored to make that contact by hydrogen-bonding interactions with Thy -5. In our original analysis, about two-thirds of the Cro--DNA pairs with Gln H6/Cyt -6 also had Thy at -5. On the other hand, several also had Cyt at -5, and it is unclear how Gln H6 would specify Cyt -6 in such cases. Second, the Pro H1/Thy +2 correlations in the code are mysterious given that Pro H1 does not contact Thy +2 at all in the N15 Cro--DNA complex, while a 'noncoding' residue, Tyr H5, contacts it strongly. In a binding site selection experiment with Gln H1- and Pro H1-containing variants of λ Cro, position +2 showed a strong switch from a preference for Ade to a preference for Thy; on the other hand, a Gln-to-Pro substitution at H1 showed little thermodynamic preference for Thy versus Ade at position +2 in EMSA experiments ([@B21]). In sum, although it is tempting to envision strong binary sequence covariations as resulting from simple evolutionary swaps between two alternative pairwise interactions, the underlying reality could easily be more complicated than that. No universal code exists for protein--DNA recognition ([@B44],[@B55]), and the evolutionary rules within multispecific families ([@B56]) of transcription factors may also be nonstraightforward, particularly if binding geometry is not well conserved. More sophisticated recognition models, such as those applied to homeodomains and zinc fingers ([@B57],[@B58]), might help illuminate the mechanisms by which Cro has evolved diverse specificity.

The apparent affinity of N15 Cro for its cognate O~R~3 site is 25- to 30-fold weaker than that of λ Cro ([@B16],[@B21],[@B59]). Both proteins are largely monomeric at the protein concentrations used in DNA-binding experiments, and the effective protein--DNA dissociation constant combines the equilibrium describing protein dimerization with that describing binding of dimers to DNA. The dimerization constants of λ Cro and N15 Cro are comparable ([@B2],[@B12]), suggesting that dimer--DNA interactions are weaker for N15 Cro. Weaker binding is consistent with the present observation that the N15 Cro--DNA complex has lower protein--DNA contact surface area and fewer direct base contacts than the λ Cro--DNA complex. Unusually, weak interactions between N15 Cro and DNA may also explain the similarity between the cognate DNA affinity of N15 Cro and the strongest reported affinity for P22 Cro ([@B15]), despite the fact that the latter is monomeric even at millimolar concentrations ([@B3]). Dimerization strength and protein--DNA interactions are both important factors determining apparent affinity for cognate DNA.

One caveat in interpreting the N15 Cro--DNA complex relates to crystal packing. In the N15 Cro--DNA complex, the crystal lattice is held together in part by interactions between adjacent duplexes of DNA. In each duplex, 15 pairs of DNA nucleotides are involved in canonical Watson--Crick base pairs. However, at each end Thy and Ade bases come together to form short stretches of DNA triplex. These interactions do not appear to directly interfere with protein--DNA interactions, as no atom in the third DNA strand comes within 7.5 Å of any atom in N15 Cro. Even so, we cannot rule out the possibility that triplex formation may distort the complex from its native conformation, particularly at the flanks.

Two transcription factors that are one-to-one orthologs are generally functionally equivalent ([@B8]), yet even so may diverge in DNA-binding specificity due to coevolution with their cognate binding sites ([@B60]), among other mechanisms. Thus, although gene duplication with functional divergence probably accounts for most of the diverse DNA-binding specificity found within some transcription factor families ([@B64]), it is not the only source. Over long evolutionary distances, protein--DNA coevolution in orthologs can lead to large changes in binding site preference, macromolecular structure and binding geometry. In cases such as Cro, the divergence of one-to-one orthologs can rival or even exceed that observed between paralogs.

DATA AVAILABILITY {#SEC5}
=================

Atomic coordinates and structure factors for the reported crystal structure have been deposited with the Protein Data bank under accession number 6ON0.
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